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Definition
Model-based learning (MBL) refers to the activity of humans interacting with an external, formal model for the purpose of learning. The external model is used as a point of reference which structures and guides the learning process with the learner.
Model is a simplified representation of a real system. Models appear in this entry in the form of simulation models and mental models. A simulation model is an explicit, computer-based representation of essential parts of reality. It provides an environment where a human learner can experiment with hypotheses. Synonyms for simulation models are interactive simulations, microworlds, participatory simulations, interactive learning environments, flight simulators, or computational learning devices.
A white box model, also called glass box model, is a model about a system where all necessary causal information about the system is available in the model. The model structure and behavior is accessible. Black box models, on the other hand, have only a low level of detail; no information about the model's inner structure is available. A grey box model offers a level of detail ranging in between black and white box models.
A mental model is a construct of cognitive psychology. Mental models are internal representations of conceptual and causal interrelations among elements that people use to understand specific phenomena. A mental model of a dynamic system is a relatively enduring and accessible, but limited, internal conceptual representation of the dynamic characteristics of an external system.
An expert model is a representation of essential parts of reality for a situation of interest. The expert model has a high level of fidelity and validity and is substantially free of biases. Such a model can be conceived of as the mental model of human experts who have the best knowledge and insights of a specific part of reality.
Feedback is the transmission and return of information about the current output condition of a system. A feedback process is a process by which a system is controlled or changed by the output or response it produces.
Learning is considered a feedback process of the following kind: Our decisions alter the real world, we receive information feedback about the world and revise the decisions we make and the mental models that motivate those decisions. Learning can also be seen as a process of discovering the content and structure of a model or reality.
System Dynamics is a computer modeling methodology that is used to represent and analyze complex nonlinear dynamic feedback systems for the purpose of generating insights and improving system performance. It has its intellectual origins in control theory, management science, and digital computing. It was created in 1957 by Jay W. Forrester of the Massachusetts Institute of Technology as a method to help managers better understand and control corporate systems. Today, it is applied to topics in a wide variety of academic disciplines; see: www.systemdynamics.org and the journal "System Dynamics Review."
Theoretical Background
Relevance of MBL with System Dynamics It was the Greek philosopher Heraclitus who said that nothing endures but change; thence, continuous learning is pertinent. Learning is, in principle, a feedback Model-Based Learning with System Dynamics M 2303 process in which our decisions influence reality. As a result, we receive information feedback about the world and revise the decisions we make and the mental models that motivate those decisions. Unfortunately, in the world of social action various impediments slow or prevent these learning feedbacks from occurring, allowing flawed and harmful behaviors to persist. The barriers to learning include the dynamic complexity of the systems themselves; inadequate and ambiguous outcome feedback; systematic misperceptions of feedback, nonlinearities, and time delays; inability to simulate mentally the dynamics of our mental models; and poor scientific reasoning skills. Experimental research substantiates the fact that people have a very poor understanding of even the simplest dynamic systems. To be successful, methods to enhance learning about complex systems must address these impediments. MBL with System Dynamics is one powerful method to address the shortcomings (Sterman 1994) .
Content of MBL with System Dynamics
What is meant by MBL is the fostering of a human learning process by means of a computer simulation model. Using external devices as learning tools is as old as mankind. MBL with System Dynamics has been used since 1960s. It concentrates specifically on the interaction of learners with an instructional simulation based on the methodology of System Dynamics. In this contribution, the terms "computation model" and "System Dynamics model" are used interchangeably.
In principle, two modes of teaching can be differentiated: conceptual and procedural. The former focuses on teaching of substantive content; the latter addresses teaching about how to perform something in a substantive area. Educational uses of System Dynamics generally concern the conceptual mode of teaching by which students learn about the content of a system and the mechanisms which govern the behavior of that system. In a computer learning environment, the learner interacts with a computer model which is considered an expert model. This expert model has been built by a programmer in advance of the educational situation. It consists of an embedded set of relationships of a particular domain with a high level of validity and fidelity. Most often, the expert model is supported by additional information and communication technologies by which the learner can investigate the model's content. A key feature of MBL with System Dynamics is that the information feedback provided by the simulation model depends on the way in which the learner has changed the variables of the simulation model.
Theoretical Basis
MBL with System Dynamics is rooted in Kolb's experimental learning theory and Bruner's method of discovery learning.
Kolb's experimental learning theory (1984) develops a learning process which unfolds over time and iterates through four stages: concrete experience (1), observation and reflection (2), forming abstract concepts (3), and testing them in new situations (4). The learning cycle begins with a person carrying out a particular action and then observing the effects of this action (1). The second step is to understand these effects in the particular instance so that if the same action was taken in the same circumstances it would be possible to anticipate what would follow from this action (2). The third step is to induce the general principle under which the particular instance falls (3). Generalizing may require executing several actions over a range of circumstances to gain experience beyond the particular situation and suggest the general principle. The learning cycle is completed with the testing of the newly acquired abstract concepts in new situations (4).
Bruner's discovery learning (1961) is a method of instruction of self-guided learning behavior. As proposed by this method, students interact with their environment by discovering and manipulating objects, coping with controversies, and executing experiments. Bruner argues that the content which has been acquired by own activities is more readily available and stored more sustainably. Discovery learning takes place in situations where problem solving is required.
Process of MBL with System Dynamics
Ideally, the process of learning with computational models follows a scientific reasoning process: define a problem situation; state hypotheses about the elements causing the problem; design an experiment to test the hypotheses; perform the experiment using the computational model; collect, analyze, and interpret the simulation data; and evaluate and perhaps reformulate the original hypotheses. The formulation and reformulation of the hypotheses help to form a mental model of the problem situation. Hence, by means of the interaction with the computational model, the learner can successively change and improve the hypotheses and hence advance the mental model about the situation gradually. By this process, the students gain a deep understanding of the computational model's substantive content. The computational model is used as an explicit and formal expert model which contains the knowledge that is to be obtained.
In MBL with System Dynamics, the computational models are provided as iconic, graphical representations detailing the causal structure of the underlying system. In most learning environments using System Dynamics, the models are fully accessible by the learners. Besides testing the hypotheses about cause and effect, such environments enable learners also to trace the cause and effect structure and understand the causalities of why the hypotheses could or could not be confirmed. This full access to the causal model structure is a defining characteristic of System Dynamics models. By this, the learner has the potential to understand even counterintuitive system behaviors which are deeply rooted in the dynamic complexity of reality. System Dynamics simulation models are therefore also sometimes called causal white box models with a high degree of validity or fidelity. Other names for computational models are, for example, microworlds or interactive learning environments. The process of MBL using computational models is also referred to as simulation-based discovery learning or simulationbased exploratory learning.
Results of MBL with System Dynamics
The process of MBL with System Dynamics facilitates improving the learner's mental models by engaging in inquiry that is otherwise impractical or even impossible. Through the use of such tools, the cost in time and resources for each learning iteration are reduced. Thus, the number of iterations can be increased with the result of a potentially more detailed understanding of the problem at stake. In addition, computational models can reveal the dynamic complexity of the systems, untangle inadequate and ambiguous outcome feedback, and can help to overcome misperceptions of feedback.
Important Scientific Research and Open Questions
Scientific research about MBL using System Dynamics is diverse and addresses among others the following questions: Does MBL with System Dynamics yield more comprehensive learning? Does model-based learning with System Dynamics result in faster and/or more retentive knowledge? Does guided (re)-discovery of existing models or the creation of own models yield better results? Research about these topics is undertaken by experts specialized in System Dynamics, for example, at the Sloan School of Management at MIT (http://mitsloan.mit.edu/groups/sd/), at the University of St. Gallen (www.systemdynamics.ch), and at the University of Bergen (www.uib.no/rg/dynamics). In the following, relevant research areas are outlined and briefly commented.
Effectiveness of MBL with System Dynamics
The educational value of computer simulations has been accepted as an article of faith. As for any educational method, MBL with System Dynamics has to establish its usefulness and its advantages relative to other teaching methods. It must provide value other methods cannot. Even though qualitative as well as quantitative research with small sample sizes evaluating the process and outcomes of MBL with System Dynamics exists, a large scale systematic research endeavor is still missing. In this, System Dynamics shares the legitimating pressure as other instructional methods.
Until now, it has been shown that the use of computational models frequently induces active learner behavior and constructive learning processes (de Jong et al. 1998 ). The reason is perhaps that a computational model supports students' scientific reasoning process. Moreover, qualitative studies have shown that MBL with System Dynamics can serve such distinct purposes as to comprehend basic dynamics of a system, to illustrate problems associated with control of complex and nonlinear systems, to offer participants an opportunity to practice group communication and leadership skills, and to gain understanding of time delays (Lane 1995) .
Building Versus Using Simulations
A general differentiation in the educational use of simulation is whether one learns by building simulations or by using existing simulations. System Dynamics has historically been based on the former. The alternate approach is to provide students with complete simulations with which they should explore, experiment, and practice. This approach accounts for the major share of 
Combination of MBL and Other Types of Instructions
Most of the existing research about the effectiveness of MBL has only considered MBL as the sole educational approach used in the classroom. Few researches have demonstrated that students can be stimulated toward deeper learning by means of effective combinations of lectures, cases, readings, and MBL with System Dynamics (Romme 2003) . Additional large scale research is required to nurture our understanding of beneficial combinations of MBL and other educational approaches.
Effect of Level of Fidelity and Visibility of a Simulation on Learning Outcome
System Dynamics models can have high levels of fidelity and visibility. Research has found out that learners familiar with the methodology of System Dynamics can use this additional information to their benefit. Without a previous introduction to System Dynamics, such an effect could not be found. The degree of model visibility, that is, the accessibility of the underlying model structure, positively moderates the learning effect of MBL (Alessi 2000) .
As problems of interest in reality are usually more complex than a simulation model can represent, the question arises what level of fidelity is required. From a practical perspective, there is a tradeoff between achievable level of fidelity, external validity of the model, and economic feasibility of the construction of the simulation environment. More research about the external validity and transferability of the insights from MBL with System Dynamics is required.
Guided Discovery
Another open question is to what extent the explorative learning should be guided by educational information. To maximize the benefits of MBL with computational models, it has been suggested to structure the learners' interactions with the simulation. In principle, helping the student to conduct concise scientific reasoning and experimentation is already beneficial. This can include such guidance as to focus on specific variables, generate hypotheses about relationships involving these variables, conduct experiments in a systematic way to test multiple hypotheses, and to interpret the results of the simulations with respect to the original hypotheses. Further techniques are to offer predefined hypotheses or provide concrete hints about experimentation with the specific microworld (van Joolingen et al. 1997 ).
Complexity of the Expert Model
The level of complexity and degree of difficulty of the expert model determines the actual amount of acquired knowledge. The degree of difficulty of a learning simulation negatively impacts on the amount of acquired knowledge. This is contingent on the type of knowledge: Quantitative knowledge about causal relations is more negatively influenced by more difficult computer simulations than semi-quantitative; semi-quantitative is stronger, negatively influenced than qualitative knowledge (Kluge 2008; Moxnes 2004) . The drawbacks of simulations with high complexity and high degrees of difficulty can be counterbalanced by more learning iterations and more informative decision aids, for example, an accessibly designed interface.
Besides guiding and controlling the learning process, another method to stimulate the motivation of learners is to provide the learner a succession of expert models which increase in their dynamic complexity. With the succession of simulation models, the level of task difficulty increases accordingly leading to a progressive acquisition of the knowledge and skills of the domain.
In general, the publication history shows an upward trend leading to a significant revivification of interest in MBL using System Dynamics especially in the field of management education. 
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Definition
Model-based reasoning is a theory that attempts to describe the psychological processes that are used when making a logical inference from a given set of premises. Mental models are schematic representations of possible outcomes that are consistent with premises, using internal tokens to represent classes of events or objects. The semantics of logical connectives (if, or, etc.) determine the way that the representation is structured. Combining premises produces a limited set of possible outcomes from which potential conclusions can be read off.
Theoretical Background
A mental model is a simplified internal representation of some aspects of the world that is used as a cognitive simulacrum in order to allow the cognitive system to predict future outcomes. The idea of a mental model was first proposed by Kenneth Craik in 1943. Models contain only critical dimensions of whatever is to be understood, without having to consider the full complexity of real phenomena. Thus mental models allow the cognitive system to simulate aspects of the real world in a compact way. The idea of using mental models to explain deductive reasoning was proposed by Philip Johnson-Laird in 1983. Deductive reasoning refers to the ability to draw logically necessary conclusions from initial premises that are considered to be true. Simple forms of deductive reasoning present an initial major premise which includes a logical connective linking two states (if P then Q, P and Q, etc.), followed by a minor premise which specifies the truth value of one of the states (Q is false). The mental model theory of reasoning proposes that people use mental tokens to represent combinations of states that are possible for a given major premise. A model is a single combination of tokens representing one possible combination of two (or more) states. For example, the major premise "P and Q" is represented by a single model:
P Q
The major premise "if P then Q" is represented by three models:
where the ⌐ symbol is used to indicate negation. The models used to represent the major premise can then be scanned for models which are consistent with the minor premise. The first such model will indicate a potential conclusion. Although there is a certain tendency for this conclusion to be accepted, a key component of the theory is a search for alternatives. Specifically, this is a process by which a reasoner will then attempt to scan for models which are consistent with the minor premise, but which contradict the potential conclusion. If such a model is detected, then the conclusion will be rejected, otherwise the 
